We present here an study of historic glass decay by means of X-ray absorption spectroscopy (XAS). Transition metal cations incorporated in the glass as choromophores exhibit modifications of their oxidising state and chemical environment as the glass suffers a decay process. These modifications can be monitored by measuring x-ray absorption near edge structure, XANES, and extended x-ray absorption fine structure, EXAFS, spectra at the selected atomic species. We apply the technique here to glasses from different periods ranging form 1 st century BC to 18 th century, demonstrating that XAS provides an advanced tool for a quantitative analysis of glass decay. In particular we have found that it is possible to establish a relationship between the oxidation state of Fe and Cu cations with the decay suffered by the glass. In contrast, our results indicate that the Mn oxidizing state is not directly involved in the glass decay of the studied samples.
glass windows. It helps to complete historical knowledge, like provenance, dating and authentication studies; to optimize restoration and conservation procedures; and finally, to improve preservation strategies, like storage or exhibition conditions.
Chemical glass composition may range from soda-lime silicate to lead silicate or potash-lime, depending on their provenance and manufacture period. Within glass components, stand out glass chromophores or colouring agents, responsible of the glass colour. Glass colour is due to the oxidation state (OE) and electronic configuration of these chromophores. They are usually metal transition elements of the periodic table, which absorb characteristic frequencies of the visible region as a result of d-d or f-f electronic transitions 5 . They are normally added with the raw materials in very low concentrations. There are few studies mentioning the importance of these elements (chromophores, pigments 6 , etc.) in degradation processes, mainly because chromophores content is normally below the detection limit of conventional analytical techniques. However, they may be lixiviated like other components from the glass and remain in the degraded surface forming new salts with different environment and structure. Consequently, their characterization, mainly performed by using synchrotron x-ray radiation techniques 7 , may offer new insights on the decay process of the glasses.
X-ray absorption spectroscopy (XAS) has proven to be an outstanding structural tool for studying the local geometric and electronic structure of matter 8 . Nowadays XAS is a widely-used technique in different scientific fields for determining the local environment (coordination numbers, chemical nature of bondings, symmetries, etc.) around a selected atomic species in a great variety of systems 9 , 10 . More recently, the increased accessibility of XAS user facilities along with improved X-ray optics, detectors, and user-friendly software has positioned XAS as an alternative tool to study cultural heritage materials due to their non-invasive and element specific character, low detection limits, high sensitivity and lateral resolution 11 , 12 , 13 , 14 . Although most of previous studies are focused on provenance and dating 15 , 16 , the present research intends to illustrate the possibilities in the study of degradation processes of amorphous materials that can not be modified, like historical glasses are.
The purpose of the work is the study of historical original glass chromophores as indicators of their decay. We aim to establish a relationship between the oxidation state, the molecular environment and their degradation state by studying both the x-ray absorption near edge structure (XANES) and extended x-ray absorption fine structure (EXAFS) region at the selected atomic species.
MATERIALS AND METHODS

Historical Samples
All analyzed samples consisted in historical original glasses from different periods from the first century BC to the 18 th century AC and different locations inside Spain. They came from stained glass windows or from archaeological sites. Some of them showed heavily corrosion on their surfaces and some of them seemed not to be weathered (see Table 1 ). All the samples were coloured containing cooper, iron and/or manganese ions.
Analytical techniques
Surface morphology of the glasses was observed by optical microscopy with an Olympus BX60M optical microscope with reflecting light coupled to an Olympus DP11 camera and by scanning electron microscopy with a JEOL Scanning Microscope 6335 F working at 10.0 kV.
Transmission spectra of glasses were measured with a UV-VIS-NIR Shimadzu 3100 double-beam spectrophotometer equipped with an integrating sphere. Samples were placed behind a 1 mm width slit mask. Spectra were recorded from 200 to 800 nm with 0.5 nm spectral resolution.
XAS measurements were performed at the beamline BM25 (Spanish-SpLine) at the European Synchrotron Radiation Facility (ESRF). We measured X-ray absorption near edge structure (XANES) and extended x-ray absorption fine structure (EXAFS) spectroscopy at the Mn K-edge (6.5 keV), Fe K-edge (7.1 keV) and Cu K-edge (9.0 keV). Spectra were collected at room temperature in the fluorescence mode. Samples for were placed at 45º from incident X-rays and fluorescence signal was collected using a multi-element solid state detector. Four to seven scans of all samples were collected for signal averaging. The samples analyzed were those described in Figure 1 a and b shows the Mn K-edge XANES spectra of the glass samples and the reference compounds 18 . Spectra recorded at various regions of different samples resulted identical within the experimental error, confirming that the glasses are very homogenous. The absorption edge of all glass samples is located at energies between the absorption edges of MnO and Mn 2 O 3 reference compounds, being closer to that of MnO. Very often, displacements of the edge position are associated to changes in the oxidation state, according to the Kunzl law 19 , 20 . However, special caution has to be given to this direct assignment, i.e.
to relate the valence with the ''edge position'' because both the edge position and the overall spectral shape are intimately linked to the local structure of the absorbing atom 21 , 22 , 23 . Therefore, examination of the Mn K-edge position is a first qualitative indicator of the valence of manganese (keeping in mind this measurement is not quantitative). The edge energy of both reference compounds and samples has been defined as the inflection point of the XANES spectrum. As shown in Figure 2 , the comparison of the Mn absorption edge energy versus the OE of the samples indicates that all glasses contain Mn ions mainly in a 2 + oxidation state. In addition, the XANES spectra of all samples are similar showing a single-frequency oscillation, characteristic of highly disordered compounds. The low signal to noise ratio (S/N) of the acquired spectra prevent us of performing a detailed EXAFS analysis. In spite of this limitation, the comparison of the EXAFS and its Fourier transform (FT) recorded at the same experimental conditions on both samples and reference compounds allows us to extract valuable information regarding the first coordination shells. In this way all the samples show a single peak in the FT corresponding to a Mn-O coordination with an interatomic distance of ~ 2.2 Å, i.e. as in the case of MnO. Moreover, despite all the samples show a high disorder around the absorbing Mn site, both To_5 and MI_3 samples exhibit higher local order, within the aforesaid S/N, than the other samples. A final discussion is deserved to the study of the pre-edge region of the spectra which is more adequate to identify not only the redox state but also the symmetry of ions present in the glasses. In our case, all the compounds show a well defined pre-edge feature which indicates a non-center symmetric structure around the Mn sites. This is in agreement with the EXAFS results which indicate a highly disordered Mn coordination. Thus, these results suggest that these historical glasses present Mn 2+ as a major component in highly disordered non-centrosymmetric sites without a clear distinction with the degree of alteration of the glasses.
Iron containing glasses
Iron is usually introduced in glasses as an impurity of silica raw materials. Concentrations are typically below 1 wt. % but it can vary extensively. Typical Fe oxidation states in glasses are +2 and +3. Fe 2+ ions result in VIS absorption bands at 440, 1100 and 2100 nm (blue-green color) and Fe 3+ ions in absorption bands at 380, 420 and 440 nm (yellow color). Figure 3a shows XANES spectra of Fe K-edge of reference compounds. The most obvious feature is that the main peak broadens and shifts to higher energy as the Fe-O bond length decreases, i.e. as the oxidation state of the iron oxide compound increases. In the case of both Fe 3 O 4 (magnetite) and γ-Fe 2 O 3 (maghemite), a well defined pre-peak is observed below the absorption edge, indicating the presence of Fe ions occupying tetrahedral sites in the crystal. Indeed, Fe ions occupy in these compounds both octahedral (O h ) and tetrahedral (T d ) sites, while only octahedral sites are allowed in the case of α-Fe 2 O 3 (hematite) whose XANES spectrum does not display such a pre-peak 12 , 24 , 25 . In our case (Fig. 3b) , all samples show this pre-peak, indicating the presence of Fe cations in a non center-symmetric positions. In contrast, the edge position varies through the series (figure 4): the edge position of the Vi_2 sample is close to that of FeO , in a magnetite-like arrangement, is the dominant species in the non-degraded glasses, evolving towards higher oxidation states as the surfaces are degraded.
Copper containing glasses
The three original red glass fragments under consideration (Mi_3, To_5 and Vi_2) show diverse degree of deterioration (Fig. 5) . Sample Mi-3 is heavily corroded showing by optical microscopy an iridescent surface with abundant interconnected craters. Sample To-5 is light degraded showing some pits homogeneous distributed on the surface, and sample Vi-2 shows an almost not altered surface.
Optical absorption spectra of red glass samples show an absorption edge around 600 nm followed by a maximum at 570 nm defined only for thin red layers (Vi-2 and Mi-3) (Fig. 6a) . This peak is attributed to inter-band transitions due to resonance of superficial Cu 0 plasmons 26 , or Cu 2 O nanoparticles above 20 nm size 27 . CuO nanoparticles present an increasing absorption profile in the 300-800 nm range, which could be also found in these samples 28 , 29 . Despite the similar behavior of red glasses under VIS light, the XANES spectra show important differences when they are compared to the references (Fig. 7 a and  b) . In particular, sample Vi_2 shows a XANES spectrum similar to the Cu foil reference, indicating the presence of metal (Cu 0 ) nanoparticles, while those of Mi_3 and To_5 exhibit the characteristic edge resonance of Cu 1+ in Cu 2 O. These results are confirmed by the EXAFS analysis. The k-squared EXAFS spectra and their Fourier transforms (obtained using a Hanning window in the range 2 ≤ k ≤ 10 Å -1 ) reported in Figure 8 evidences that while Cu-Cu coordination is dominant in the Vi-2 sample, Cu-O coordination dominates the EXAFS spectra in the case of both Mi_3 and To_5 samples. Moreover, the analysis of both XANES and EXAFS spectra indicates that the dominant copper oxide in the samples is Cu 2 O and not CuO, i.e. that the oxidation state of Cu is essentially Cu 1+ in all the studied samples with the exception of the metallic-like Vi_2. In addition, the EXAFS spectra of all the samples are characteristic of highly disordered systems in such a way that only a first oxygen coordination shell around the absorbing Cu is observed. The broadening of the FTs peak indicates a different degree of disorder in the samples. Regarding the red glass samples the Cu-O arrangement is more ordered and similar to the Cu 2 O case for To_5 than for Mi_3. In the latter case, the lower intensity and greater broadening of the first shell peak in the FT indicates the spreading of Cu-O interatomic distances in a highly disordered Cu environment. These results are in agreement with the analysis of the XANES spectra performed by fitting the experimental spectra to the weighted sum of the XANES spectra of reference compounds. Indeed good reproduction of the experimental spectrum of the To_5 glass sample is obtained by considering the presence of 90% of Cu Additionally, the EXAFS spectra indicate that the Vi_2 sample show well ordered metallic Cu regions. In contrast, the rest of the glass samples show a highly disordered Cu-O arrangement that is similar to that of Cu 2 O for Le_13, To_5 and Le_19 samples. Both Re_1 and Mi_3 samples show the highest disordered with a spreading of the Cu-O interatomic distances that suggest also the presence of CuO and non-stoichiometric copper oxides (Fig. 8 ).
Optical absorption of green glass sample Me_14 shows an intense absorption band with a maximum intensity at around 780 nm, characteristic of Cu 2+ ions. Glass Re_1, also showing green colour, shows two absorption bands, one at around 448.5 and a second one at 656.6 nm (Fig. 6b) . The addition of network modifiers to the glass, like lead ions, shifts the absorption bands. In this glass, the UV-VIS absorption band appears at higher wavelengths than 400 nm and the second band appears exhibits a maximum at about 780-800 nm. In the case of glass Le_13, its blue colour together with the absorption bands that appears at 535 and 653 nm and the shoulder at 600 nm indicates the presence of Co 2+ ions. These ions may avoid the absorption band due to Cu , not appreciable by UV-VIS spectroscopy.
Sample Me_14 presents a detachment on the exterior side with a non-degraded surface (points 1 and 2), and a gel layer with an iridescent surface (points 4 and 5). In order to ascertain the decay degree of the surface successive XANES (Fig. 9 ) and EXAFS spectra (Fig. 10 a and b) were recorded at the different areas with a spot size of 0.5x1.0 mm. All the XANES spectra show an intense peak at the edge, characteristic of Cu + in Cu 2 O as well as single oscillation spectral shape, indicative of highly disordered systems. This is evidenced in the comparison of the EXAFS spectra and their Fourier transforms reported in Figure 10 b. In all the cases a single peak is observed in the FT, which indicates that the Cu-O coordination extends only to the first neighbouring shell, being the interatomic Cu-O distance that found for Cu 2 O. In addition, the amplitude of the EXAFS signal evolves differently through the five studied zones. The results indicate that the local order around Cu is higher in zones 1 and 2 than in the rest of the sample, in agreement with the evolution of the degradation through the sample. This conclusion is also supported by the observed modification of the edge position. As shown in Figure 9 , the edge position is the same (Cu + as in Cu 2 O) for the spectra recorded in zones 1 and 2, i.e. in the (non-corroded areas), while it shifts towards higher energies in the other areas, indicating the increasing presence of Cu ions in a higher oxidation state in the degraded areas of the glass surface (points 3, 4 and 5). Finally, comparing areas from different samples (Fig. 11) , it is possible to separate the red almost non-corroded glass from the rest, due to the abundance of Cu 0 colloids. Corroded red glasses, green and blue ones have both Cu ions in oxidation states +1 and +2 and the relation between both may indicate its degradation degree.
CONCLUSSIONS
According to the Cu K-edge absorption energy of red glasses Vi_2, To_5 and Mi_3 it is possible to establish a correlation between the OE and their surface decay, from non-weathered to middle and heavily corroded. Even on different areas of the same sample, as in Me_14 glass, it is possible to distinguish the non-corroded from the corroded areas. Additionally, Fe K-edge absorption XANES spectra of non-degraded glasses is located at lower energies than the ones for degraded ones, thus resulting in the possibility to discriminate weathered from non-weathered glass surfaces. Same results for Mn containing glasses are not so straightforward.
Taking into account the heterogeneous surface of historical original glasses and the presence of different degrees of alteration on the same glass (e.g. pits or corrosion crusts), all these results clearly show that it is possible to characterize the weathering phenomena of historical glasses from macroscopic to atomic scale in a totally non-degraded and non-invasive way. 
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